INTRODUCTION
Recent technical development has dramatically improved the quality of liver magnetic resonance (MR) imaging for the detection and characterization of lesions (1) (2) (3) (4) (5) (6) . Until fairly recently, T1-weighted, 3-dimensional (3D), volumetric, interpolated breath-holding examination techniques, using Cartesian k-space sampling are most widely used as contrast-enhanced liver MR examinations in routine clinical practice. The image quality of this technique depends on the appropriateness of the patient's breath holding (3) (4) (5) (6) . In uncooperative patients, this sequence is sensitive to motion artifacts, which can make it difficult to detect lesions.
Various methods have been proposed to achieve optimal images for image creation before deterioration of image quality by reducing acquisition time. The newly developed, parallel acceleration technique (3D gradient recalled echo [GRE] , with controlled aliasing in parallel imaging, resulting in higher acceleration [CAIPIRINHA] ), can save image acquisition time, by modifying the phase encoding sampling manner, which leads to reduced aliasing artifacts and provides better image quality, although patients cannot hold their breath long enough (7) (8) (9) (10) . Therefore, this rapid imaging technique that reduces respiration artifacts, may propel patients with short breathing capacity, into routine clinical MR practice.
Currently, another method for minimizing patient motion, are the radial k-space sampling schemes, such as the 3D radial GRE. Using this technique, k-space lines are collected in a radial fashion, resulting in high sampling of the central k-space and motion artifact suppression (1, (11) (12) (13) (14) (15) . There are two radial GRE sequences, the interleaved, anglebisection scheme (ILAB), and the golden-angle scheme (GA) (13) . ILAB obtains radial spokes with short angular distances in consecutive order, while GA obtains radial spokes with large angular distances in serial order (13) . Until now there has been no clinical study which demonstrated better performance for acquiring high quality, than the 3D GRE with CAIPIRINHA technique compared with the 3D radial GRE sequence (ILAB and GA acquisitions) for gadoxetic, acid-enhanced MR imaging of the liver. Therefore, the purpose of our study is to compare the 3D GRE with the CAIPIRINHA technique and the 3D, radial GRE sequences on the hepatobiliary phase of liver MR imaging and to determine the most appropriate sequence for uncooperative patients.
MATERIALS AND METHODS

Study Population
Our Institutional Review Board (IRB) approved this HIPAAcompliant, retrospective study and waived informed consent (IRB number: 2017-02-001). The MR imaging database was retrospectively searched for the records of patients who underwent liver MR examinations that included gadoxetic acid-enhancement, the 3D T1-weighted GRE, using the CAIPIRINHA technique, and the 3D T1-weighted GRE with radial sampling sequences at 3T. The study group consisted of 79, consecutive, registered patients (48 males, 31 females; mean age 67 ± [13.4] years; age range, 17-87 years). The primary indication for imaging included the evaluation of patients with cirrhosis (n = 36) and noncirrhotic, chronic viral hepatitis (n = 10), who underwent imaging for the surveillance or evaluation of hepatocellular carcinoma (n = 46), hepatic metastasis work-up (n = 28), evaluation of cholangiocarcinoma (n = 4), and differential diagnosis of a hepatic cystic mass (n = 1). Among the liver cirrhosis group which was clinically diagnosed, liver function was classified using the Child-Pugh score (Grade A, 33; Grade B, 1; Grade C, 2).
MR Examination
Liver MR imaging was performed using a 3T MR scanner (Skyra; Siemens Medical Systems, Erlangen, Germany) and a 32-channel, phased-array coil with one of two protocols, i.e. standard or motion-resistant protocol. Among the 79 patients, 59 were examined using the standard protocol, and 20 were examined using the motion-resistant protocol. The two, patient groups were classified by the scanning technologist after precontrast, and T1-weighted imaging using the in-phase/out-of-phase sequence was acquired. If patients could follow instructions and hold their breath during image acquisition, they were classified as cooperative patients and examined by standard protocol. However, if patients had difficulty with breath-holding (mental status, age, underlying lung disease, hearing ability, and pain), that resulted in severe motion artifacts on the breath-holding T1-weighted, dual echo sequence, they were classified as uncooperative patients and examined by motion-resistant protocol. Table 1 shows our standard liver MR imaging protocol for cooperative patients and motion-resistant protocol for uncooperative patients. Our standard liver MR imaging protocol consisted of a breath-holding, T1-weighted, dualecho (in-phase and opposed phase) sequence, dynamic fat-saturated, 3D T1-weighted GRE sequence, using the CAIPIRINHA technique and the 3D T1-weighted radial GRE sequence using k-space weighted image contrast (KWIC) technique, a breath-holding, fat-saturated T2-weighted turbo spin-echo sequence, or the single-shot, echotrain, spin-echo (SS-ETSE) technique. Dynamic imaging, including the arterial phase, the portal venous phase, and the delayed phase, was performed before and after injection of gadoxetic disodium (Gd-EOB-DTPA) (Primovist; Bayer Healthcare, Berlin, Germany). The standard dose of contrast (0.025 mmol/kg) was intravenously administered as a 0.1 mL/kg (body weight) at a rate of 1.2 mL/s, and was immediately followed by a 20-mL saline flush through an antecubital venous catheter using a power injector (Spectris Solaris EP; Medrad, Warrendale, PA, USA). The multiple arterial phases (four arterial phases) were acquired using the 3D T1-weighted radial GRE sequence using KWIC during 20 seconds after the arrival of contrast medium at the aortic arch under real-time monitoring. Each arterial phase acquisition was 5 seconds in duration. The portal venous phase and the delayed phase were acquired at 70 seconds and 3 minutes. Our motion-resistant, liver MR imaging protocol for uncooperative patients, consisted of a magnetization-prepared, rapid-acquisition gradient echo (MP-RAGE) with dual echo, dynamic fat-saturated, 3D T1-weighted radial GRE sequence using KWIC technique, SS-ETSE. The multiple arterial phases (four arterial phases) in uncooperative patients were acquired using a 3D T1-weighted radial GRE sequence using KWIC in the same methods used in cooperative patients. After that, a free breathing, T1-weighted radial GRE sequence started at 70 seconds after initiation of contrast material injection. This phase acquisition in the middle of the portal venous and delayed phases was approximately 3 minutes in duration. Twenty minutes after the intravenous injection of gadoxetic acid, a breath-holding, 3D GRE VIBE with CAIPIRINHA image, free breathing 3D radial GRE sequence with GA acquisition, and free breathing 3D radial GRE sequence with ILAB acquisition were subsequently acquired using both protocols. Patients were instructed to breath in a normal manner during 3D radial GRE acquisitions. One thousand and twenty-four radial spokes were acquired. The MRI sequence parameters on hepatobiliary phase are summarized in Table 2 .
Image Analysis
Qualitative Analysis
Two radiologists (B.S.K. and S.H.K) with 17 years and 13 years, respectively, of clinical experience interpreting Breath hold, Fat-saturated T1-weighted 3D GRE VIBE with CAIPIRINHA Free breathing fat-saturated T1-weighted 3D radial GRE with GA Free breathing fat-saturated T1-weighted 3D radial GRE with GA Free breathing fat-saturated T1-weighted 3D radial GRE with ILAB Free breathing fat-saturated T1-weighted 3D radial GRE with ILAB
T2-weighted imaging
Breath hold, fat-saturated TSE sequence or SS-ETSE SS-ETSE CAIPIRINHA = controlled aliasing in parallel imaging results in a higher acceleration; GA = golden angle; GRE = gradient-recalled echo; ILAB = interleaved angle-bisection; KWIC = k-space weighted image contrast technique; MP-RAGE = magnetization prepared, rapid-acquisition gradient echo; SS-ETSE = single-shot, echo-train, spin-echo; TSE = turbo spin echo; VIBE = volumetric interpolated breath-hold examination Three, Motion-Resistant MR Sequences on HB Imaging | Doo Ri Kim, et al.
abdominal MR's, independently evaluated the three image sets. All images were reviewed using the picture archiving and communication system (Infinitt PACS; Infinitt Healthcare, Seoul, Korea). Both radiologists were blinded to the image acquisition technique, clinical information, and image reading records. For each data set, each reader determined the motion artifact, streaking artifact, liver edge sharpness, hepatic vessel clarity, lesion conspicuity, and overall image quality using a 5-point scale. Motion artifact and streaking artifacts were graded as 5, no visible artifact as 4, minimal artifact as 3, moderate visible artifact as 2, and severe visible artifact as 1, visible artifact which renders the image of no diagnostic value. Liver edge sharpness was graded as 5, excellent; 4, good; 3, fair; 2, poor; and 1, unacceptable. Intrahepatic vessel clarity was scored according to the degree of the depiction of the peripheral hepatic vessel: 5, sharp and clearly demarcated; 4, mild blurring; 3, moderate blurring; 2, substantial blurring; and 1, uninterpretable because of severe blurring. The readers evaluated the conspicuity of focal liver lesions. When a patient had multiple focal lesions, the evaluation was assessed for the previously determined largest one detected on whole MR sequences. If the largest lesion was less than 1 cm in diameter, it was excluded. Forty-six focal liver lesions were evaluated in our study. Thirty-one patients had malignant lesions (hepatocellular carcinoma The final diagnosis of focal liver lesions was based on the histologic findings, clinical evidence, typical CT and MRI findings, and laboratory findings. For each identified lesion, the lesion conspicuity was assessed considering the lesion visibility, margin, and detectability: 5, very good, diagnostic; 4, good; 3, fair, diagnostic; 2, poor, non-diagnostic; and 1, uninterpretable, non-diagnostic. The overall image quality was assessed using all of the above considerations: 5, Very good, diagnostic; 4, good; 3, fair, diagnostic; 2, poor, nondiagnostic; and 1, uninterpretable, non-diagnostic.
Quantitative Analysis
A radiologist (D.R.K.) evaluated the region-of-interest (ROI) of the image sets for quantitative image analysis. This radiologist did not participate in the qualitative image analysis. The shape and size of the ROIs were identical for all of the three images. The ROI was placed within homogenous portions of each organ and away from vessels and necrosis. The signal intensity (SI) of ROIs from the normal liver parenchyma, lesion (for the previously determined largest one), and mesenteric fat, and the standard deviation (SD) of the background and mesenteric fat were measured. The signal-to-noise ratio (SNR) of liver (SI liver /SD noise ) and lesion-to-liver, contrast-to-noise ratio (CNR) ([SI lesion -SI liver ]/SD noise ) were calculated.
Statistical Analysis
The Friedman nonparametric test was used to assess statistically significant differences of qualitative data obtained from the comparative analysis of 3D GRE with CAIPIRINHA, 3D radial GRE with GA, and 3D radial ILAB. For those parameters in which a statistically significant were conducted using SPSS software (version 18.0; SPSS, Chicago, IL, USA).
RESULTS
Qualitative Analysis
For qualitative analysis in cooperative patients, the 3D GRE with CAIPIRINHA was mostly superior to the 3D radial GRE with GA and the 3D radial GRE with ILAB. The streak artifact, sharpness of the liver edge, clarity of intrahepatic vessels, and overall image quality of 3D GRE with CAIPIRINHA was significantly higher than those of either the 3D radial GRE with GA or 3D radial GRE ILAB (P < 0.016). Images obtained with the 3D GRE with CAIPIRINHA were of slightly better motion artifact scores and lesion conspicuity than those obtained with either 3D radial GRE with GA, or 3D radial GRE ILAB, although not with statistical significance (P > 0.016) ( Table 3 , Fig. 1 ). However, both 3D radial GRE with GA and 3D radial GRE ILAB had adequate image quality with a mean score always rated higher than 4 (good to very good or minimal artifacts) in all qualitative parameters. There were no significant differences between 3D radial GRE with GA, and 3D radial GRE with ILAB for all of the qualitative parameters (P > 0.016).
On the contrary, in uncooperative patients, the 3D, radial c d Fig. 1 . Axial free-breathing 3D radial GRE with GA (c, d) and 3D radial GRE with ILAB (e, f) show blurred resolution of the tumor (arrows) and margin of the intrahepatic vessel (arrowheads).
e f GRE with GA and 3D radial GRE with ILAB had better quality than the 3D GRE with CAIPIRINHA in all items except the streak artifact, and there was a statistically significant difference between any of the two, 3D radial GRE sequences and the 3D GRE with CAIPIRINHA (P < 0.016) ( Table 4 , Fig.  2 ). The clarity of intrahepatic vessels and lesion conspicuity on 3D GRE with CAIPIRINHA were rated lower than 3 (a mean rating of 2.75 and 2.73, respectively). There was no significant difference between 3D radial GRE with GA and 3D radial GRE with ILAB for all qualitative parameters (P > 0.016). The weighted kappa values for the two reviewers, which were calculated on the basis of each interpreter's qualitative data, were 0.67 in cooperative patients and 0.70 in uncooperative patients (moderate to good agreement), respectively.
Quantitative Analysis
The quantitative analysis results in cooperative patients are shown in Table 5 . The mean liver SNR with 3D radial GRE with ILAB were higher than those with 3D radial GRE with GA and 3D GRE with CAIPIRINHA. The mean lesionto-liver CNR was highest with 3D radial GRE with ILAB, followed by 3D radial GRE with GA and 3D GRE with CAIPIRINHA, although there is no statistical significance between any two sequences (P > 0.05). Both the 3D radial GRE with GA and the 3D radial GRE with ILAB provided more homogenous fat suppression than 3D GRE with CAIPIRINHA. The fat percentage SD of SI with the 3D radial GRE sequence with GA and 3D radial with ILAB was significantly lower than that with 3D GRE with CAIPIRINHA (P < 0.001). a b Fig. 2 . MR images in a 75-year-old woman with intrahepatic, mass-forming cholangiocarcinoma. She had one intrahepatic, mass-forming cholangiocarcinoma in liver segments 4 and 8. Axial breath-hold, T1-weighted 3D GRE image with CAIPIRINHA (a) shows severe motion artifacts due to the patient's breathing. Axial free-breathing, 3D radial GRE with GA (b) and 3D radial GRE with ILAB (c) demonstrate substantially artifact reduction resistance to motion and high image quality in the patient who could not suspend respiration. The intrahepatic, mass-forming cholangiocarcinoma (arrows) and intrahepatic vessels (arrowheads) are better depicted in axial free-breathing, 3D radial GRE with GA and 3D radial GRE with ILAB. The quantitative analysis results in uncooperative patients are shown in Table 6 . The mean liver SNR and lesion-toliver CNR with 3D radial GRE with ILAB and 3D radial GRE with GA were significantly higher than those of 3D GRE with CAIPIRINHA. For malignant lesions, the 3D radial GRE sequences had better lesion-to-liver CNR than the 3D GRE with CAIPIRINHA (P = 0.003 and 0.004, respectively). Regarding the quantitative assessment of fat, the 3D radial Repeated measures analysis of variance was used for statistical analysis of the three sequences. P b Results were considered statistically significant at P b < 0.05.
* Statistically significant CAIPIRINHA = controlled aliasing in parallel imaging results in a higher acceleration; CNR = contrast-to-noise ratio; GA = golden angle; GRE = gradient-recalled echo; ILAB = interleaved angle-bisection; SD = standard deviation; SI = signal intensity; SNR = signal-to-noise ratio; VIBE = volumetric interpolated breath-hold examination Wilcoxon signed rank test with Bonferroni correction was used for comparison between pairs of sequences. P a Results were considered statistically significant at P a < 0.016.
Friedman nonparametric test was used for statistical analysis of the three sequences. P b Results were considered statistically significant at P b < 0.05.
* Statistically significant CAIPIRINHA = controlled aliasing in parallel imaging results in a higher acceleration; GA = golden angle; GRE = gradient-recalled echo; ILAB = interleaved angle-bisection; VIBE = volumetric interpolated breath-hold examination GRE with GA and the 3D radial GRE with ILAB had excellent fat suppression with uniformity, compared to the 3D GRE with CAIPIRINHA. The fat percentage SD of SI with a 3D radial GRE sequence with GA and a 3D radial with ILAB was significantly lower than that with the 3D GRE with CAIPIRINHA, i.e. P = 0.002 and 0.001, respectively. There was no significant difference between the 3D radial GRE with GA and the 3D radial GRE ILAB.
DISCUSSION
The CAIPIRINHA technique uses a unique k-space sampling pattern to reduce the aliasing artifact, and thereby improve imaging quality beyond the effect of standard parallel image techniques. The acquired k-space samplings are offset from the normal grid-like sampling by shifting the sampling positions of alternate rows with respect to the partition-encoding direction (7, 9, 10) . This technique can save the acquisition time and the breathholding time more effectively than the generalized auto calibrating partially parallel acquisition (GRAPPA) technique (8) (9) (10) 13) . In cooperative patients, our study showed that the 3D GRE with CAIPIRINHA was superior to 3D radial GRE with GA and ILAB for all qualitative analyses. The merits of 3D GRE with CAIPIRINHA are a shorter image acquisition time (approximately 10-14 seconds) and better image quality in patients with well-controlled breathing. However, in uncooperative patients, two, 3D radial GRE sequences showed a higher grade than 3D GRE with CAIPIRINHA, especially in regard to some significant items, such as the clarity of intrahepatic vessels and lesion conspicuity, which recorded less than three points and which indicates uninterpretable, poor image quality in 3D GRE with CAIPIRINHA. Therefore, our results showed that 3D GRE with CAIPIRINHA can be used in a limited manner in uncooperative patients. In the future, further evolution of 3D GRE with CAIPIRINHA using compressed sensing, or time-resolved imaging with stochastic trajectories, may enable motionless MR images possible in some uncooperative patients, who cannot comply with the 10-second, breath-holding requirement (16) .
The 3D radial GRE sequence (3D Radial GRE) is a motionresistant protocol that uses the radial k-space sampling system. With the radial acquisition methods, the radial spokes overlap in the k-space center, which averages the Repeated measures analysis of variance was used for statistical analysis of the three sequences. P b Results were considered statistically significant at P b < 0.05.
* Statistically significant CAIPIRINHA = controlled aliasing in parallel imaging results in a higher acceleration; CNR = contrast-to-noise ratio; GA = golden angle; GRE = gradient-recalled echo; ILAB = interleaved angle-bisection; SD = standard deviation; SI = signal intensity; SNR = signal-to-noise ratio; VIBE = volumetric interpolated breath-hold examination information and reduces the motion artifact (1, 7, 11, 16) . Therefore, the use of this technique could provide higher quality images, which could be especially useful in patients which have breath-holding difficulties or in those with poor compliance, despite requiring a substantial amount of acquisition time (17, 18) . Our results also showed that the 3D radial GRE with GA, and the 3D radial GRE with ILAB had better image quality than the 3D GRE with CAIPIRINHA and that there we statistically significant differences between the two; 3D radial GRE sequences and 3D GRE with CAIPIRINHA (P < 0.016) for all qualitative analysis except streak artifact in uncooperative patients. A previous study showed that 3D radial GRE with GA, in combination with compressed sensing in multiphase liver MR imaging, leads to more uniform coverage of the k-space for a small number of spokes (approximately 100 radial spokes) than ILAB acquisition with a short angular distance (1, (11) (12) (13) (14) (15) . As a result, 3D radial GRE with GA, using randomly flickering patterns for under sampling acquisition, had higher image quality and enhancement quality than those of 3D GRE with ILAB (13) . On the other hand, our study demonstrated that two, different radial acquisition methods, on most qualitative and quantitative parameters, did not differ significantly in either the cooperative or uncooperative patients. These results may be attributed to the use of a large number of radial spokes (1024 radial spokes) under the free-breathing circumstance, and thus result in being able to fill the k-space more fully and uniformly (13) and to achieve a similar performance in both 3D radial GRE with GA and ILAB.
Our study showed that the SNR of liver and lesion-toliver CNR of the free-breathing, 3D radial GRE sequence in uncooperative patients, were significantly higher than those of 3D GRE with CAIPIRINHA. In 3D GRE with CAIPIRINHA, the background noise was higher than that of 3D radial GRE owing to patient movement, which leads to a decreased SNR of liver and CNR of lesions. Parallel imaging, such as 3D GRE with CAIPIRINHA, can significantly decrease the SNR due to a reduction in the number of collected data. For parallel imaging, SNR is proportional to 1/√R (R is the acceleration factor) (19) . The application of 3D GRE with CAIPIRINHA using an acceleration factor of 4 results in a two-fold reduction in the SNR (7, 9, 16) . In our study, the CNR of malignant tumors differ, particularly, between the free-breathing, 3D radial GRE sequence and 3D GRE with CAIPIRINHA in uncooperative patients. Therefore, it could be important to use the free-breathing, 3D radial GRE sequence in uncooperative patients in order to be able to diagnose these malignant tumors. In addition, in our study the SI and SD of fat in two, 3D radial GRE sequences were significantly lower compared with those in 3D GRE CAIPIRINHA. The suppression of fat seems to be more homogenous in the 3D radial GRE sequence, as the SD of fat showed a lower value. Fat suppression can increase the CNR because normal liver usually contains fat (20) .
We recognize that our study had several limitations. First, image acquisition timing differs with the three sequences. It was difficult to precisely match the image acquisition time, because of the free-breathing manner of 3D, radial GRE sequences. We attempted to minimize the difference of SI caused by the time effect by allowing continuous MR scanning (first scan: 3D GRE with CAIPIRINHA; second scan: 3D radial GRE with GA; third scan: 3D radial GRE with ILAB). Second, accurate measurements of the SNR and lesionto-liver CNR, according to a well-established method, may have suffered from inhomogeneous distribution of noise due to parallel imaging and streak artifacts. We attempted to minimize any inherent bias by measuring noise in the "empty space" of the image dataset. Third, the cooperativeness of patients and the determination of scan protocols were subjectively decided by only scanning technologists. However, we tried to perform the test after sufficient confirmation that the patients could follow the instruction and hold their breath during precontrast, and inphase/out-of-phase sequence. Fourth, we compared three sequences only on the hepatobiliary phase. Further studies will be needed on the dynamic phase.
In conclusion, in uncooperative patients, the use of 3D, radial GRE sequences can improve the image quality, compared with that of the 3D GRE with CAIPIRINHA, despite whatever data acquisition methods, i.e. ILAB or GA acquisitions, are used. And the 3D GRE imaging with CAIPIRINHA is applicable to patients without breathholding difficulties.
